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Calreticulin Displays In Vivo Peptide-Binding Activity and 
Can Elicit CTL Responses Against Bound Peptides* 

Smita Nair,* Pamela A. Wearsch,^ Duane A. Mitchell,* James X Wassenberg,^ Eli Gilboa * and 
Christopher V. Nicchitta^^ 

Calreticalin is an endoplasmic retlcnlum (ER) chaperone that (Usplnys lectin activity and contribntes to thtt folding pftthway» for 
nase<Mit glycoproteins. Calreticulin also pardcipafes in ihe r«»Ctionfi yielding assembly of peptides onto naseent MHC class X 
molecules* By chemical and immanological criteria* we identify calreticalin as a pepdde-binding protein and provide data Indi- 
cating that calreticulin ean elicit CTL responses to components oflts bound peptide pooL In an adoptive Imniimotherapy protocol, 
dendritic celb pulsed Witli calreticulin Isolated from B16/F10^ murine melanoma^ E.G7-OVA, or EL4 thymoma tumons dicited 
a CTL response to as yet unknown tumor^derrved or the known OVA Ag, To evaluate the relative eificacy of calreticulin itt 
eiidtlng CTL responses, tbe ER chaperones GRPd4/ep!)6, Bi7« £Rp72, and protdn disulfide Isomerase were purified in parallel 
from B1&F10.9, EL4, and E*G7-OVA tumors, and the capacity of the protetns to elicit CTL responses was compared* In both the 
B16/F10.9 and E.C7-OVA models^ calreticulin was as effective as or more etTcctive than GRP94/gp9« In elicitmg CTL responses. 
Little to no activity was observed for BiP, ERp72, and protein ifisulfide isomerase. The observed antigenic activity of calreticulin 
was recapitulated in In vitro experiments, in which it was observed that pnlsing of bone marrow dendritic cells with E.G7-OVA- 
deHved calreticulin elicited sensitivity to lysis by OVA-specific CDS'** T cells. These data Identify calreticului as a pcptlde-binding 
protein and indicate that calreticulin-bound peptides can be represented on dendritic cell class I molecules for recognition by 
Cm^ T cells. The JounnU oflmmunoiogy, 1999, 162: 6426-6432, 



Calreticulin is an abundant 46-kDa resident protein of the 
endoplasmic reticulum (BKf lumciu displays lectin ac- 
tivity, and is known to participate in tho folding and as- 
sembly of nascent glycoproteins (1-5). Calreticulin has reccntiy 
been idennJied as a component of the MHC class I/^sporter 
associated with Ag presentation (TAP) complex (6-8). This pro- 
tein complex, comprising the chapcionc calreticulin, the TAP 
transporters TAPl and TAP2, tapasin, class I heavy chain, and 
jS;z-microglobulin (fizm), functions in the loading of peptides onto 
nascent MWC class 1 molecules (6-8). At present, the precise con- 
tribution of cabeticulin to peptide loading onto class 1 heavy-chain 
^m dimcrs rcmainii^ to be identified. Nonetheless, analysis of the 
protem-pratein interactions preceding peptide loading onto class I 
molecules shows that caliericulin serves an essential function in 
legulaiing the association of class I-jS^m dimer^ with TAP and 
hence in the regulation of peptide assembly onto nascent class I 
molecules (6--^). 

The convposite function of the £fl lumcnal chaperones is gen- 
erally thou^t to be limited to the structural maturation of nascent 
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polypeptides. However, the observations that ER ch^rones such 
a$ GRP94 (gp96\ GRP78 (BiP), and protein disulfide isomcrasc 
(PDI) display pcptidc-bindmg activity may portend alternative or 
additional roles for these proteins in the regulation of peptide tmf- 
fickinfi within the ER (10-15), In suppon of this hypothesis, it is 
now established that the ER Hsp90, GRP94» binds peptides suit- 
able for assembly onto class I molecules (1 1, 12, 16-18). Whether 
tfiis activity is indicative of a peptide '*3ink" function or perhaps 
reflective of a more substantive role in peptide/class I assembly 
reactions remains 10 be determined The potential functional sig- 
nificance of the pepUde-bindtng activity is evident, though^ in the 
observations that v^tccination of mice with ORF94 can elicit a 
substantial cclhllar immune response to components of the bound 
peptide pool (11, 16-19). Thus, GRm, when isolated from a 
variety of host backgrounds, including tumor cells or cells cxprtss- 
nig viral or bacterial prowins, was capable of eliciting substantial 
CDS'** T cell Tcsponsed to the parent tumors, as measured in tumor- 
iitass tegre^sion studies, as well as known viral and bacterial pep- 
tide epitopes, as dctcnnined by CTL assay (11, 16. 17, 19). The 
conclusion appears evident, then, that APCs are capable of Inter- 
nalizing GRf^pcptide complexes and that^ following intemal- 
izarian, at least a subset of the peptides in association with GRP94 
can be released and targeted for assembly onto da^S T molecules. 
From these data, it may also be posmlatcd that in all cells^ GRP94 
associates with ER himenal peptides, a subfhiction of which are 
suitable for assembly onto class 1 molecules. 

Given the established role for calreticulin in the genesis of class 
1/pcptide complexes and the propensity of ER chaperones to dis- 
play pepttde-binding activity, we investigated whether calreticulin 
displayed in vivo interactions with peptides. This question was 
addressed liy direct biochemical analysis of acid-ejclracted, tissue- 
derived calreticulin and by the capacity of calreticulin purified 
from B16/F10,9, BL4, and E.OT-OVA tumors to elicit specific 
CTL responses. Diitct chemical evidence supporting the existence 
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of a calietieulin-bound peptide fraction was obtained. In addition, 
vaccination of mice with dendritic cells (DCs) pulsed with B16/ 
F10.9, EL4» or E.G7-0VA-derived calreticulin, was observed to 
elicit CTL responses to undefined tumor-derived Ags Bl6/F10i>, 
EL4) or the immunodominant OVA peptide epitope, SHNFEKL 
(E.G7-0VA). Leu<rtly, bone mairow-derived dendritic cells 
(BMDC) pulsed In vitro wifli E.G7-0VA-dcrivcd calreticulin pre- 
sented tunu»spccific peptides in association with class I mole- 
cules and were targeted for lysis by the OVA-specific CTL line, 
4G3. 

Materials and Methods 

Mce 

Female C57BL/6 mice (H-2^ 5-6 wk Old) *nd SCID mice were obained 
from the Charies River Labocatories (Wilmwgion. MA). In conduciing the 
research described in this paper, the mvcsijgjjigTB edhcird to ihe Guide for 
die Care and Use of Laboratory Animah as proposed by the commiliee on 
core of Laboratory Antmol Etesources Commission on Life Sciences, Kti^ 
donol Reseoreh Council, Hie iacilities are lUlly accredited by the Aroericao 
Aflsociation for Accreditation of Lftborarory Animal Care. 

Cell Ones 

Cell lines used wCte EM (CS7BL/6, H-2*', ibymoma), E.G7-OVA (EL4 
cellu tzansfecxed wttn the ova cDNA), RMA-S ccns (RauAcber leukemia 
viftis-induccd T cell lymphoma RBL-5 of C57BU6 (H-2*) origin), and 
B16/F10.9 (F10.9) melanoma. Cells were maintained in DMEM supple- 
mented with 10% hcai-inactivatcd PCS (Life Technologies, Grand Island, 
NY), 2 mM elutumine, 100 VM pcnidlUn, and 100 M®/m1 streptomycin. 
E.G7-0VA cells were grown in medium containing 400 041 B (Life 
Technologies). T-cell hybridoma &F3370 (H-IK?" restricted, OVA spccifie) 
was mainlined in RPMt 1640 (Life Technologies) supplemcotsed with 
10% heai-iaactivated FCS, 2 mM glmamine, }Q0 UAni penicillin, and 100 
Mg/ml streptomycin. The OVA-specific CTL line 4G3 (20) CH-2iC'' re- 
lAricied. OVA specific) was carried in RPMI 1640, 10% beat inactivoied 
fCSv 2 mM glutaminc. and 30 U/ml IL-2 (Genzyme, Cambridge, MA). 
Cells were splii every 2-4 days and resdmulatcd wccWy with inadiaied 
E.G7-0VA ceOs at a 1 :1 ratio. OVA peptide CH-2K** rcstnctcd. SllNFEKL, 
aa 257-264) and the conirol mui-l poprido (H^K?» restricted, FEQN- 
TAQP) were purchased from Research Genetics (Huntsville, AL). 

ChapArone purification 

Chaperone proteins were purified irom :»olid cumors as described m Ref- 
erence 21. Tumora were cbtablished in either CSTBUe {Bl^FlO.9 mela- 
noma) or SCID (EL4, E.G7-0VA thymoma) mice. Solid tumors were har- 
vested, a microsomfl], £ft.-enriched subfVaction was prepared, and the ER 
chsperonea aRP94 and calreticulin were punficd to homogeneity from the 
microsomal {mction by selecnvc detergent release, sequential MonoQ 
10/10 anion exchange. Superdex 26/60 gel Bltration chromatography 
(Pbaxroada Biotech, Piscauway, N J), and centrifugal ultraiiliration (Ami- 
con, fieverly, MA), as described in Reference 21. The cytDSoI fracdon 
obtained upon subfnictionailon of the nunor homogcQate was used to pu- 
rify H&p9a and Hsp70. The cytosol -fractiaD was initiaUy subjeeied 10 a 
50-709^ ammonium Sulfate fractionation. Protein prectpitaLed at 70% am« 
niomum sulHue was resuspcnded in buffer A (110 mM KOAc, 20 mM 
NaCl, 20 mM potassium HHPHS, and 0.5 mM PMSF) and eencrifUged for 
20 Rnn a( 4^C (100.000 X to remove aggregaied material, and the 
soluble fraction was fracdonaied by preparative gel lUtration on a Superdex 
26/60 cohmin equilibmied id buffer A at a flow rate of 1. 5 ml/mitL Frac- 
tions containing Hsp70 or Hsp90 were identified by SDS-PACE, pooled, 
and sequentially chn^macographed on MonoQ 10/10 and Superdex 26/60 as 
described m Reference 20. BiP, £Rp72, and PDT fractions arising from 
MonoQ Draedenailon of Ituncnal pFoiem exiraets, as wdll as H5p7a and 
Ust^O fractions dmrns from the fmal Supeidex 26/60 siep, wcm adjusted to 
10 mM sodium phosphate; pU 6.8, loaded onto 2.S-ml hydroxylapatxtc col- 
vimm (Bio-Rad HTP, HcnmleB, Ca), and elmed with a 23-m1 ^adicnt of 
10-300 foM sodium phosphate, pH 6.8. By SDS-PAGE, the purity of die 
1^90 and Hsp70 fFactionB waa deiemuMd (0 be >9S% (data not jihown). 
Protein purity was assessed by one- and two-dimensional SDS-PAGE. 

Peptide GxtroQtiQTi und anafysis 

Calrcticulhv-aasociaied peptides were extracted from 1 mg (21.7 mnoT) of 
purified porcine calreticulin by denatuiarion for 30 min ut room cempera^ 
tore in the presence of guanidlmum chJoridc/l% trifluoroaceiic acid (TFA). 
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The acid-soluble ^tion was separated from intact calreticulin by centrif- 
ugal ulnafiltnuion, usiijg acid-washed Ccnirieon-10 filtration units. The 
low m.w. calreiiculia*derivcd peptide fracdon was subacquentty bound to 
a prewflshed Sep-Palc CIS unit, washed extensively widi 1% TFA, and 
eluted m 80% acewnitrile, 0.1% TFA, The aceionitrilo cJuate was dried by 
vacuum ccntrilbgaition, and factions were cither resuspended in 0.2 M 
sodium phosphate (pH 7^) and subjected to reductive methylation with 
^H-labded sodium borobydride as described in TUference 22 or subjected 
to acid hydrolysis in vacuo, with the amino acid content determined by 
quantttadve amino acid anolysb. Quantitarive amino acid analysis was per- 
formed by the Duke Lfniversity Medical Center Proteiii Sequcocing Fadl- 
iiy, a core fiicility of die Duke Univecriiy Comprehensive Cancer Center. 
As a consequence of add bydralyris, uyptophan canteni cannot be deter- 
mined, and Bsparagiiie and glutamine are bydrolyzed lo aspartate and glu- 
lamaic. In reductive mcthylariort studies, the ladiohbelod pool was frac- 
donated oa Sephadcx G-lO to remove umncorporated isotope, 
concentrated, and analyzed on a Phannacia Superdex peptide columd. 
Sample absotbance at 280 rnn was coniinuausly monitored. Praciions were 
collected, and ^ content was determined by liqidd sesndiladon chroma^ 
togtapby. 

Induction of Ag^pedfic C7X in vivo 

Splenie DC or bonc marrow precursor-derived DC were gcncraied as de- 
scribed earlier (23, 24). Day 9 precursor-derived DC or splenic DC wcic 
pulsed with heat shock protems in the preaence of the lipid Ar-[l-(2,3- 
dioleoxyloxy)prt>pyl]-N^JV-trirocdiyl ammonium metbyisulfate 
(DOTAl^ (BoehrinEcr Matmhcim. Indianapolis, TN) or DMRIE (Vical, 
San Diego. CA). Heat shock proteins (in 100 >*.l Opa-M£M) and DMRIE 
or DCTTAP Cm 100 Ml Opti-MEM) were nwtcd at roam lempcratnic for 15 
miiu The complex was added to the DC suspcfision in a total volume of 1 
ml' and Intubated ar 37*0 ia a water bath for 30 min. Ahcmarivcly, im- 
mature DC (day 7 precursor derived) were pulsed with hear shock proteins 
m the absence of DMJOE for 48 h. Naive, syngeiwic mice were nnmunized 
i.v. with 5 X 10* ptccuiBor-deri>fed DC or 1 X lO* splcen-dcrived DC per 
mouse in 200 of PBS. 

Splenocytcs were harvested after 10 days and depleted of RBCs with 
ammonium cWoride/Tris bulfer. Splcnocyies (1.0 X lo'') were cultured 
with 5 X 10* iiradiated snmulator cclla (1E.G7-0VA cells irradiated ac 
20,000 rad or F ) Ql9 cells precreaied with IFN-7 and irradioxed at 7^00 rad) 
in 5 ml of TMDM widi 10% PCS, I mfd sodium pyruvate, 100 lU/ml 
pcniciUin, 100 ^^ml strcptamycin, and 5 X 10"* M 2-ME per well in a 
6-wen tissue culture pbie. Cells wore cultured for 5 days at 37°C ozul 
5% CDs- Effectors were harvested on day 5 on Kistopaquc 1083 gradient 
before use in a CTL assay. 

vftro cytotcxicisy assay 

Target ccUs (5-10 x 10*) were labeled with europium for 20 rain at 4°C, 
HuTopium-labeled targets (10*) and serial diludons of effector cells at vary- 
ing E:T rtlios were Incubated in 200 ^1 of complete RFMl 1640. The plates 
were cervtrifuged at 500 X ff tor 3 mIn and incubated at 37''C for 4 h. fifty 
mieroliiers of the supemataat was harvested and europium release was 
mcaMned by time-resolved fluorescence p4). Specific cytotoxic activity 
was determined wing the following formula: % speeific reJcasc = 
[(experimenuil release - spontaneous TcIcase)/(tO(al release — spontane- 
ous release)] X 100. Spontaneous release of the tsrgcl cells was <15% of 
tolal release by detergent in all assays. SB of the means of triplicate cul- 
tures was <5%, 

Results 

Cfiaperone purification and peptide extraction 

A highly enriched £R microsome iracticm waa prepared from ds- 
sue bomogcnates by diferential ccntrifugarioOi and the lumenal 
protein components were subsequently isolated from tbc micro- 
somes by partial detereent extraction (21). Under the described 
conditions, peripheral and integral ER membianc proteins remain 
in association with the deter^gent-pcnncabili^ed membranes and 
can thus be efficiently segregated ilrom the himenal protein extract 
by ccntrifugation. The supcnuttant fraction rcstilting from this step 
contains five major polypeptides, GRP94 C6P96), BiP, EI^72, 
PDJ, and calreticulin. In die final stage of Uie purificalion, calre- 
ticulin and GRP94 undergo gel filtration chromatography and cen- 
triitigaJ ultrafiltraiion (21). These procedures, in addition to yield- 
ing homogeneous preparations of die two proteins, were performed 
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CALRETICULTN ELICITS CTL RESPONSES 
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FIGURE 1. Chemical idcndficatton of calrericulin-bound peptides. A, 
Purity of chapertme fractions* Five microgmms of puriGed CRP94 sind 
colrcdcuUn was Subjected to iwo-dimaiBonal S0S-PAG£ to ascertain pu- 
rity. Digital images of Ccomassie bluc^Braincd gds ore shown. £xlta£- 
tion of bound peptides. To deieriYlinc whedier condidoiiB used for extras 
tion of bound peptides resulted in hydrolysis or dc^datton of calretiCulia. 
SDS-PAGE analysis was pcifDrmcd with the siartiog oilrctlculin O -S fig) 
(fane 7), concentraied pre^xtraction retcntaie (1.5 ^ig) (lane 2), post- 
extisction ultrafiliratioD feiencaic (I^ Me) 3), and posiextraction 
filtraie {fane 4). A cfifiiial image of a Coornas^ic bluc-stmned gel is fihown. 
C Analydca] gel tItiBtion analysis or calieticulin-derived peptide pooL 
The low m.w, csUrct^cqiiiwierived fnictioii wa:$ Subjected to reductive 
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FIGVR£ 2, Inununizaiion with tumor-derived calrcticulin Of ORF94 
elidtB tumor^pecific CTL responses in vivo. Mice were immunized i.v. 
twice, at a 14-day interval, with 10 of rttaperone protein. Splcnocytea 
were isolated from ihe imiminlzedinice 10 days after the last immunization 
and icBtimulated in \\w> with iiiddiated TFN-7-pn=wt^^ ¥}0S cells. CTL 
acrivtiy was assayed using F10.9 OiH-K^ cells as targets. EL4 and BALB/ 
yn tatgOT cells were included as controls for the spcctAcity or the CTL 
response. 

to eliniinftte circumstantia] interactions between eiUher of the two 
Cbapetone proteins and low m^w. peptide substrates. To assess the 
purity of the calieticulin md GRP94 used in these studies, repre- 
sentatxvc samples wete analyzed by two-dimensional SOS-PAGC. 
As shown in Fig. lA, both proteins are, by ttiis criterion, hotno- 
geneous. 

Procedures were developed to extract calttticulin-bound pep- 
tides, and die pcptidc-ctiriehed fraction was separated from intact 
cahcticulin by centrifugal ultr^tfiltration. As depicted in Fig. IB, 
lane 3, SDS-PAGE analy^s of the ultrafiltration retentatc indicates 
that tbe conditions used for peptide extraction do not yield detect- 
able hydroly^s Of degradation Of calreticulin. Analysis of the fiU 
tiate by SDS-PAGE analysis of the filtrate (kmc 4) similarly shows 
no evidence of degmdation products. To assay for the presence of 
peptides in the filtered exnoct, aininc-spcciiic radiolabclin? (re- 
ductive metbylation), followed by analytical gel filtration, or quan- 
dmtive amino aeid analyses were pcrfonned. Dq)ictcd in Fig. IC 
is the gel filtration clution profile of a icpr^entative fraction. 
When monitored at 280 nm, a broad band of UV-absoibing ma- 
terial was observed ai eludon volumes corresponding to m.w 60D- 
1500. This iBngc of clution volumes ovcrU^ped with ihc clution of 
the radiolabeled matetiaL For the radiolabeled material, the lead- 
ing edge of the initial primary peak encompassed clution volumes 



mcdiylBdoD with ^-labeled sodium boiohydride, fiactionaicd on Seph- 
adex G^lO 10 tcmove unincofpomted isoiope, concentrated, and analyzed 
on a Ptiaxmacia Superdex peptide column. Sample absoibimce at 280 nm 
was oondmiousty monitored. Fractions were collecced, and content was 
determined }yy Hquid scintillation chmmatography. Z), Reladve amino acid 
content of calicticulin>derived peptide finotion* Purillcd caketicalin (10.5 
funol) was extracted; the bound peptide fiacdon was subjected to acid 
hydrolysis in vacuo, and the amino acid consent was determined by quan- 
titative amino acid analysis. The relative amino acid abundance is pre- 
sented, with glycine, the most abundam amino aeid in the extract, assigned 
a vakte of i.OO. For comparative purposes, the amino acid eomposiiion of 
calrctindin is shown. 
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FTGUIl£ 3. The cap&ciiy lO elicit tumor-speeiriC CTl. rcapanaes is pti- 
mari?x limited to colrftlicuUD and ORP^. Spleen-derived DCs were pulsed 
with eidier Bl$/Fl0.9 or mouse splcco-dcrived £R diaperone proteins in 
the presedce of the cationic lipid DMRIE aa described m MalcrUtls and 
Methods. Naive, syngeneic inicc w«e immunized Iv, with 5 X lO* DC per 
mcniBc in 200 /il of FBS, two thnes, ai a 14-day Interval. Splenocyies were 
harvested 10 day» pastinimutuzaiiQfi 9nd rcstimubied with irradisted Fl 0.9 
cells precreaied with IFN-7. CTL activity was assayed against F10.9 ccUa 
and EU tai;gcl cells. 



conespanding to m,w, 1000-1900. In a paired analysis, an cquiv- 
alem quantity of calrcticuliri was extracted, and the peptide-en- 
riched fraction, conesponding to the ehition profile depicted in 
fig. IC, was subjixted to acid hydrolysis and quantitative amino 
acid analysis. Fig. LD details the amino acid composition of the 
clutcd matorial. For compararivc purposes and to assess whether 
the lov/ m,w. peptide fraction was a general calrcticulin degrada- 
tion product^ the relative amino acid composition of calreticulin is 
dqjicied. The most abundant amino acid present m the calrcticulin 
eMie was glycine, vdth the relative cnrichmcm of those amino 
acids comprising >20% of the total followinfi the order Gly >Glu/ 
Gln>Ser>Aspi^Asn>Ala>Leu, On the basis of quantitative 
amino acid analysis, and with the as yet unsubstantiated assump- 
tion of a mean average peptide m.w. of 1000, approximately 200 
pmol of total peptide was recovered irom 10 nmol of ealreticulin. 

Inducilofi of in vivo CTL responses by calreticuHn and GRP94 

To determine by immunoloEical critena whether calredculin co- 
purifies in association with host tissu^spcclGc peptidcii. the ca- 
pacity of cahirticulin to elicit CTL responses in vivo was investi- 
gated in two model systems, the B16/F10.9 melanoma and 1L4/ 
E.G7-0 VA (24-26). For experiments using dK B 1 6/F 10,9 model, 
tiie ER chaperones GRP94, BiP. ERp72, PDI, and calrcticulin 
were purified to homogeneity from an F10.9 turoor^dcrived micro- 
sotnal fraction. Control proteins were purified from either a normal 
spleen-derived microsomal fraction or from a porcine pancreas 
rough ER fraction (21). 

Mice were itnmunized iv. at 14-day intervals with 10 
GRP94 or calreticulin, isolated from cither F10.9 tumors or pig 
pancreas. A total of two immunizations were pcifomicd, Spleno- 
cytes wen; i$o1ated firom the immunized mice 10 days after the last 
immunization and were restimulatcd in vitro with irradiated IFN- 



7i>rctreated F10.9 cells, and CTL activity was assayed subse- 
quently against FIO.9 (H2-K*^ EW {H2-K**), or BALB/3T3 (H2- 
K^) cells. The results of a representative experiment arc depicted 
in Fig. 2. hnmunization whh F10.9-deTived calrcticulin or GRP94 
elicited a significant CTL response, and the maximum level of 
CTL lysis observed was conqjarable for bodi proteins. That the 
observed CTL response, elicited by Fl0.9-dcrived calieticulin and 
GRP94, was specific for F10,9 cells was further substantiated by 
the fact'tlmt the control target cells, 'BIA and BALB/3T3, cxhibiied 
no lysis (Fig. 2). Furthermore, no CTL responses were generated 
in mice immunized with DC pulsed with porcine calrericulin, por- 
cine GRP94, or PBS- From these data, it is clear that twnor-derivcd 
calrcticulin and GRP94 cKcit an F10.9-specific CTL response. 

DetermiTUttlon qfchaperone specificity: induction of in vrro 
CTL responses 

To further extend the conclusions obtained from the experiinents 
depicted in Fig. 2, the ability of the different ER. chaperones to 
elicit a CTL icsponse was investigated. In these experiments, mice 
were immunized two times with spleen^rived DC pulsed, in the 
preseitco of a cationic lipid, either with mouse spleen-derived cal- 
rcticulin. GRP94. or ERp72. or with Fl0.9-dcrivcd cflhreticnlm, 
GRP94, ERp72, BiP, or PDL Ten days after the final immuniza^ 
tion, splenocytcs were isolated and restimulatcd, and CTL activity 
was assayed against FlO.9 and EL4 cells (Fig. 3). Consistent with 
the data depicted in Fig. 2, immunization of mice with F10.9 cal- 
t^ticuKn or GRP94-pulsed precursor-derived DC elicited a signif- 
icant CTL tesponse. It is noteworthy that only low levels of CTL 
wcrt generated by vaccination with tumor-derived PDI, ERp72, or 
BiP, although it is v?eU established that these chaperones display 
peptide-binding activity (13, 14), In these experiments, immuni- 
zation vrith splecn-dcrivcd calrcticulin, CjRP94, or ERp72 yielded 
little or no CTL. The control targirt EL4 showed no lysis. These 
results, as with those depicted in Fig. 2^ demonstrate that immu- 
nization with calieticulin or GRP94-pulfied DC is sufficient to elicit 
a CTL response against AgS derived fi^om the chaperonc-host cell. 

Chaperone^depcndent elicitation of peptid^spec^c 
CTL responses 

In the FIO.9 system, immunization with twnor-^erivcd cahtticiilin 
and GRP94 elicits a polyclonal CTL against an undefined set of 
tumor-associaied Ags. Although such results clearly identify these 
two proteins as immunogenic, the lack of insight into the identity 
of the relevant tumor Ag(s) hampers finder Investigation into the 
molecular basis for this activity. Additional experiments wcrc thus 
performed to determine whether calrcticulin and GRP94 associate 
with a known MHC class I peptide epitope, as defined by immu- 
nological criteria. For these experiments, the EL4/E,G7-OVA sys^ 
tern was used, E.G7-OVA cells are a clonal dcimrive of the EL4 
mmor cell line (H-2*' haplotypc) and were selected fbr stable trans- 
fccrion vnth the chicken OVA cDNA (27). In a CS7BL/6 (H-2*^ 
mouse background, cjcpression of the chicken OVA gene yields the 
production of a single immunodomtnant OVA peptide epitope (aa 
257-264) (27). With lespect to these studies, the £L4/E,G7-OVA 
experimental system offers two useful and interesting properties. 
1) Chaperone-elicitcd CTL responses against the OVA epitope can 
be assayed u^g OVA-specific clonal CTL lines. 2) The hypoth- 
esis that calreticulin and GRP94 bind miiquc and nonovcriapping 
arrays of peptide substrates can be directly tested in dctermxnationfi 
of shai€d EL4/E.G7-OVA CTL induction. 

To prepan? the relevant chaperonc prateina. E.G7-0VA and EL4 
tumors were established in SCTD mice, a cytouol and microsome 
fhiction prtqiarcd fbom excised turaore, and calreticulin, CRP94, 
Hsp90. and Hsp70 isolated fifom the relevant subceUular fractions. 
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FIGURE 4. Priming of OVA-spccific CTL following immufiization 
with EG7-0VA cb^xrone-pulsed DC. calicHculia. Hsp90, and 

Hfip70 wtrt purified from E.G7-0VA and EL4 wnwra. Spleen-derived DC 
vvore pul&ed with the indicaced cliapcrancH in ihe presence of the cadonic 
Hpid DOTAP 93 dcfUTibcd m Materials and Methods. Mice wttt subjected 
TO a single iimmiiiizBtion wlxh 1X10^ chapcrone-pulsed DC» and Bploio- 
oyws wore harvested after 10 days and rcstiimihited in vitro wid) irradiated 
E.Q7-0VA colto. CTL assays were perfam»ed as described in Mat&ials 
and Methods with E.G7-0VA cdts and EL4 cells as targctii, Ab a control 
for CTL specificity^ parallel assays were pcrfonncd wi\\i F10,9 (H-^* mel- 
anoma) as tarj^et cells. 



Splenic DC were pulsed in the presence of ihe cattonic lipid 
DOTAP with calreticulin. GRP94, Hap90, or H3p70, and mice 
subjected to a single i.v. vaccination. Splcnocytes were subse- 
quently isolQied fram the immunized animals and stimulated with 
irradiated E.G7-0VA cells, and CTL assays were perfbnned (Ftg, 
4). As is evideni in Fig. 4, E.G7-OVA-<lerived calreticulin and 
GRP94 elicited robust CTL rW^ronses against EG7-0VA tdrfiet 
cells. A substantial CTL response was also observed in the case of 
E.G7'OVA Hsp70 (Fig, 4). The data regarding GRP94 and Hsp70 
are in agreement with previous studies demonstrating that GRP94, 
HSF70, and to lesser extent HSP90. when isolaied Itom appropri- 
ate cells, prime Ag-Apccific CTL in vivo (16^ 19). Particularly 
noteworthy in the data depicted in Fig. 4 is the observation that 
immunization with 1=L4-derlved calreticulin dicircd CTLs against 
the E.G7-0 VA target These data can be explained by the feet tfiat 
£,G7-0VA id a clonal derivative of EL4. transfi^cted with the 
OVA ^e. Because the two cell types are genetically very similar, 
a substantial ovexl^ in the spectrum of the immunogenic peptides 
expressed by the two cell types would be expected. As chaperones 
by naniiB bind a divcree array of peptides, the only predictable 
difcrence between the peptides hound to cahcticulin derived feom 
E.07-0VA cell and £L4 cells would be the presence of the OVA 
peptide, bound to the E.G7-0VA-derived cahreticulin. Thus, when 
the splcnocytes from inununizcd mice were icstimulated wiih 
E.G7-0 VA cells, in the instances in which £L4-derivcd heat shock 
proteins were used for immunization, only the EL4/E.G7-OVA- 
shaicd CTL would be testimulstcd. Convcrecly, when the E.G7- 
OVA-dcrived heat shock proteins were used for imimunisedtion, 
both the shared EL4/E.G7-OVA and the OVA-spccific CTL would 
be restimulated. 

When EL4 cells were used as targets (Fig. 4X a similar ovetaJl 
pattern was observed. Notably however, E.G7-0VA-dcrived cal- 
reticulin and GRP94 elicited a more substantial CTL response to 
EL4 target cells than that elicited by the £L4-deTiv«d calreticulni 
or GRI»^. It appears that the E.G7-OVA-derived proteins are of 
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higher relative antigenicity lhan those obtahicd fifom EL4. The 
molecular basis for this phenomenon is not understood and is be- 
ing fiinher invcstigaied. On the premise that the relative antige- 
nicity of the chaperones is a direct function of the complement of 
boxind peptides, these data indicate *at the spcctnun of immuno- 
genic peptides present on the EL4 and E,G7-0VA chaperones dis- 
plays significant similarities, as both chcit CTL responses against 
the related cell Hne, and significant differences, o& the E.G7-OVA 
chaperones are nnore innmunogenic. 

To alleviate concerns regatdrnfi CTL specificity, control exper- 
iments with an unrelated target cell line (FIO.9) were performed 
(Fig. 4). With F10,9 as the target cell, no significant CTL activity 
was observed in splenocyte preparations derived fcom animals im- 
munized with any of the chaperone preparations. These data sub- 
stantiate the conclusion diat the CTL activity observed against 
E,G7-OVA and EL4 target cells is specific, and thus, that the ob- 
served crxMs-cdl reactivity is, at a fondaraental level, a reflection 
of shared ntimunogpnic epitopes copurifyii^ with the different 
chaperone protein preparations. 

Re-pressntation of calresxcuUn assodaied peptides 
To better define ttie OVA specificity of the observed CTL re- 
sponses, the capacity of immature BXfDC to present calrettculin- 
associaicd peptides and be iccognized for lysis by OVA-specific 
CTL wiw investigated. Immature BMDC, as professional APCs. 
process and present exogenous Ags on the class I pathway and are 
diought to utilize this pathway for the activation of CDS CTL in 
vivo (28-30). Immature murine BMDC were pulsed with the im- 
munodominant OVA peptide (SlINFEKL). a control peptide (mut- 
1), EI4 calreticulin, or E.G7-0VA cakcticulin, and, following 
maturation^ class I presentation of the OVA epitope was assayed 
by a CTL assay. In these assays, peptide- or chapcrone-pulsed 
BMDC served as target cells, and the OVA-specific CTL line 4G3 
as effector cells. As shown in Fig. 5/1, imraature BMDC pulsed 
with E.G7-OVA-dcrived calreticulin presem OVA for recognition 
and lysis by 4G3 CTLs^ whereas nO activity was observed for EL4 
calreticulin. The specificity of this response is fimhcr supported by 
the data demonstrating that sensitization of die E.G7-0VA-calre- 
tieulin-puJ$ed BMDC to lysis by 4G3 was dependent on the con- 
centmtion of E.G7-0VA calreticulm presem in the mcdwm. As 
additional controls^ it was observed that lysis could be elicited by 
the OVA peptide, whereas a 100-fold excess of the control peptide 
was without eficcL 

These observations were fiuther expanded in the experiment 
depicted in Fig. SB. In this experiment, presemiition of the class 
I-restricted OVA epitope was assayed using a T cell hybiidoma 
lL-2 secretion assay. In this assay, BMDC were cultured in the 
presence of E,G7-0VA or EL4-dcrived chapcnmc proteins, har- 
vested, and assayed for their ability to stimulate IL-2 secretion 
from a class I-icatricted, OVA-spcdfic T cell hybridoraa (23), For 
comparative purposes, lL-2 secretion elicited in lejsponjiie to 
RMA-S cells pulsed with either control or OVa pqjfride was as- 
sayed. As depicted in Fig. 5J?, die OVA specificity of the assay was 
confirmed by data demonstrating that neither control peptide nor 
EL4-derived calreticulin elicited IL-2 secretion, whereas OVA 
peptide elicited a dose-dependent production of ll>2 (Fig. 55). 
E.G7-0VA-dcrivcd calreticulin-pulsed BMDC exhibited a dose- 
dcpcndent stimulation of TL-2 secretion. These datn clearly dem- 
onstrate that caketiculin-associated OVA peptide, or a structural 
piecursor(s), was processed by BMDC and presented for recog- 
nition by the OVA-specific, class I-rcstricted T cell hybridoma. 
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FIGURE 5. C^lrcticulin-bound OVA peptide gains access » Uie MHC 
chiss t presentation pathway of professional APCs. A, Murine BMDCb 
wcrt gcnerattd as described by Miichdl ct aL (23). On day 7 Of dw culture 
period, Donadbereni cells (immatnifr DC) were labeled with europium and 
pulsed for 4S b with the indicated Bounx and conceiiiration of caliericulin 
or OVA peptide. After 2 days in culnnc, iwnadhefem ceHs were harvested 
as msnire DCs, washed, and used as targets, CcIIb were assayed for peptide 
SUNFEKT- {OVA) prtsentauon on MHC class I by CTL assay using the 
OVA peptidc-spccmc CTL Hne 403 (20). S, Dny 7 BMDCs (immatuTB 
DC) were pulsed for 4d h wiih the indicated source and concemradon of 
calrcnculm or OVA peptide. After 2 days in enltuie, nonadherent ceUs 
were harvested as mature DCs, washed, and used as snmulatars. The cells 
were assayed fbrpre&eniauon of class l-ce&iricted OVA peptido to the OVA 
pepiide-spcriec T cell hybddoma RF337D (anti-OVA, Kb), RMA-S cells 
were incubated m the presence of either control peptide (mut-l; FEQN- 
TAQP) or OVA peptide ovcmifiihl at 37*C, In this assay. OVA presemarion 
and recoBDidDn were assayed as ihe stimulacion of [L-2 accretion. IL^ 
pi9diiction was measured using ELlSA according to the mamifhctuier^s 
insmictions (Eodogen, Cambridec, MA). 



Discussion 

The residts reported hcrrin provide iimmmologica] and chemical 
evidence that calreticulin is a pcptidc-binding profteiiu Further- 
more, these data demonstrate that at least a subset of the peptides 
bound by cabeticulin are appropriate ligands, or ligand prccwsors. 
for nascent MHC class I molecules. The potcntia] immimological 
signifiCiincc Of these data is highUghicd by the obscrvntion that 
pubmg of BMDC with soluble, exogenous calreticulin yielded 
presentation of calretieulin-derivcd peptides in association wid) 
BMDC class 1 molecules and lysis by an OVA-rcstrictcd CTL line. 



In additioa to demonstrating that calreticulin and GRP94 can elicit 
CTL responses against components of Iheir bound peptide pool, 
these data make evident the possibility that pcmstem release of 
cuketiculin or GRP94 into the extracellular space, as might arise in 
chronic inflammation or tissue necrosis, may elicit a CTL response 
against (he tissue composing tiic site of chaperone release. 

At present, it is not known how calrcticulm or GFP94^soci- 
ated peptides gain access to the CR of professional APCs and thus 
whether the eUcitation of a class I-restricted immune response, 
which accompanies transfer of the chaperonc-associatcd peptides 
to MHC class I molecules, reflects a component part of a ubiqui- 
tous, calreticulin- and/or GRP94-dq>endcnt pathway for peptide 
loading onto class I molecules; Uie existence of a pathway, perhaps 
unique to professional APCs, that supports the trafficking of chap- 
crone-peptidc complexes; or the peptides themselves, ftom the ex- 
tracellular space to the ER. It is noteworthy that calreticulin has 
been demonstmted to perform a critical, aldiough undefined, role 
in class l/fem^ptide assembly in the ER (6-9), It is premature, 
though* to invoke a direct peptide loading function for calreticulin, 
as dw detailed molecular pathway for peptide loading onto class I 
molecules» and the contribution of calreticulin to such a pathway, 
has yet to be determined. 

Further clouding speculation on these matters is the absence of 
insight into how peptide release from oalrBticulin and GRP94 is 
itgolated, or, for that matter, if the dissociation of peptides fifom 
these proteins is a regulated event. In one scenario, calreticulin 
and/or GRPW could interact reversibly widi ER-localizcd peptides 
and thereby assist in the transfer of peptides, directly or indirectly, 
onto class I molecules. Alternatively, peptide release might only 
arise as a consequence of proteolysis, such as may accompany 
intcmaliwition imo APCs and degradation in endosomal/lysosomal 
eompattments. In the larter scenario, calreticuhn-peptide com- 
plexes would be kinetically stable, and thus the antigenic profile of 
bound peptides would vary as a ftmction of the metabolic half-life 
of die chaperone protein rather than the steady-state variation in 
ER peptide levels. With tftesc uncertainties in mind, insights into 
the physiological role(s) of calreticulin and GRP94 in the peptide- 
trafficking pathways of the ER and in the elicitation of CDS"^ T 
cell responses will benefit from an understanding of the compart- 
mental specificity, regulation, and kinetics of peptide binding. 

The snidies of Srivastava and colleagues yielded die surprising 
and provocative observation that CRPW can, through its activity 
as a peptide-binding protein, elicit CTL responses in vivo and in 
vitro (16, 19. 31). We have observed that calreticulin displays ac- 
tivity similar to that of GRP94. As discussed by Srivastava and 
colleagues, a noteworrhy, and perhaps unique, aspect of chapcr- 
one-bascd immunotherapeutics concerns the diversity of chaper- 
one-bownd peptides, a diversity that may be reflective of the anti- 
genic lepertoirc of the host cell (31)- This conchision is 
particularly evident in the data presented in Rfi, 4, in which the 
capacity of ER lumenal ch^>emiic5 derived from EL4 and E.G7- 
OVA ttiymoma mmors to elicit CTLs Erected against EL4 and 
E.07-0VA was determined In focusing on the data obtained witii 
calieticulin and GRP94, it is evident that when derived from EG7- 
OVA, bodi proteins were observed to elicit a substantial CTL rc- 
gponjse to both the parent CE.G7-0VA) and the pnecursor {EL4) 
cell lines. Although the shared peptide Ags Tcmain to be identified, 
these data clearly iUustrate that both calieticulin and CRF94 co- 
purify with an array of antigenic peptide^ capable of assembly on 
cla$j( 1 molecules and rcafRnn the potential immunodierapcutic 
utility of these proteins, that being iheir capacity to elicit a CTL 
response against the parent, and genetically related, cell hosts, in 
the absence of the identification of specific peptide Ags (31). That 
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the E.G7-0VA-derivcd proteins display a substantially higher an- 
tigenicity tlian ^Qssi obtained from EL4 may be most simply ex- 
plained by assuming that the spectrum of immunogenic peptides 
associated with EGT-OVA chaperones differs significantly from 
Those in association with the EL4-dcrived proteins. Thus, although 
there must indeed be shared immunogenic epitopes capable of elic- 
iting a CTL response against the two related cell lines, there must 
exist difiercnces in either the relative abundance or structure of 
these as yet unknown tmnranogenic epitopes. An alternative, 
and admittedly speculative, hypothesis is that the lytic activity 
elicited by E,07-0VA-dcrive£l, but not EL4-derivcd, calieticulin, 
GRP94. or MSP70 on ELA targets may reflect a "helper** effect of 
the strong OVA epitope, which serves to alter *1olciance" against 
The weaker tujnor epitopes expressed by EL4, by a mechanism 
similar to that previously ot)served upon expression Of foreign AgS 
in tumor cells (32). 

An appreciation of the fundamental cell biological significance 
of chapcrone-eltcited CTL responses wiU accompany insights into 
the structural characteristics of the peptide substrates bound by 
dicse molecules and the celhilar trafficking pathways accessed by 
the proteins and dieir peptide substrates m APCs. Wiih respca to 
the issue of protein tra^cking, ii will be of particular intereST to 
determine whether calreticulin and/or GR94 fimction in vivo as 
physiologieally relevant components of the imrminological path- 
wayCs) supporting cross-priming (29-31, 33, 34). 
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